N UMEROUS recent studies have established the pattern of the changes in cardiovascular dynamics, renal functions, blood volumes and fluid and electrolyte excretions in congestive heart failure. This information has been derived almost wholly from comparisons of two separate groups of subjects; one, a group of patients with congestive heart failure, the other, either a group of subjects without heart disease or a group of compensated cardiac patients. Furthermore, the comparisons have usually been limited to determinations of one, or at most several, functions. Since the quantitative level of cardiovascular and renal function varies considerably from subject to subject, these studies do not establish the degree of change in a given func- This study was assisted by Grants in Aid from the New York Heart Association, Inc., and the Life Insurance Medical Research Fund.
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States Public Health Service. tion during recovery from congestive heart failure. Furthermore, they do not determine the relationships between the changes in the various fuiictions as cardiac compensation is regained. Such information is best obtained by simultaneous measurement of the changes in many functions in the same subjects during congestive heart failure and after recovery therefrom. Of the several studies1-3 of this type which have been attempted, only the observations of Briggs, Fowell, Hamilton, Remington, Wheeler and Winslowl are practically complete, the others are each incomplete in some respect.
In the present study simultaneous measurements were made of the cardiovascular dynamics, blood volumes, renal hemodynamics and water and electrolyte exeretions of eight cardiac patients while they were in congestive heart failure and again after they had recovered cardiac compensation. A comparison of these data for the two states of cardiac competence should serve to indicate the degree of change in each function and the interrelationships between the changes in the various functions, as compensation from congestive heart failure is achieved.
C6rculauiotn, Volume VII, May 1953 PROCEDURES AND METHODS Patients. Of the eight patients studied, six had the common, low-cardiac-output type of congestive heart failure and two had cor pulmonale. Table 1 presents pertinent information concerning each patient; the type of heart disease, the manifestations were judged unlikely to regain cardiac compensation without subsequent digitalization. The first measurements are, therefore, considered valid for the degrees of congestive heart failure indicated.
After these measurements, the patients were given digitalis leaf orally and when cardiac compensation had been achieved the measurements were repeated. and severity of congestive heart failure and the therapy received. Five of the eight patients were so acutely ill that they received, before the first set of measurements, specific medication which probably altered the dynamics of their congestive heart failure. Nevertheless, at the time of the observations all patients were still in obvious congestive heart failure to the degrees indicated, were not improving progressively and, on the basis of clinical evaluation, The interval between the two studies was two to three weeks in six subjects, five weeks in one subject and six months in the remaining patient. All patients regained a satisfactory degree of cardiac compensation, as judged by their ability to return to their former activities without the recurrence of signs or symptoms of cardiac decompensation. Compensation was maintained in all patients by digitalis leaf taken orally, and diuretics were not required. Procedures and Analyses. The following functions were measured by standard technics: cardiac output by the direct Fick method, cardiac and peripheral blood pressures by Hamilton manometers with optical recording, oxygen content of arterial and mixed venous blood by manometric analysis (Van Slyke and Neill), plasma and blood volumes by the Evans blue dye (T-1824) method, renal hemodynamics by inulin and para-aminohippurate clearance technics and electroyte excretions from determination of the blood and urine concentrations of sodium and potassium (flame photometer) and chloride (modified Volhard method). Standard procedures and methods, fully detailed in a previous report,4 were used to obtain the specimens and tracings, analyze the blood, urine and air samples, measure the pressure tracings and calculate the final values.
All determinations were made in the morning after an overnight fast. Measurements of the above ; I- six functions were made during each of three successive periods of 15 minutes duration, with the cardiovascular functions measured at the mid-point of the periods and the renal hemodynamic functions and water and electrolyte excretions measured over the entire period, the sampling for blood volume determinations extending over the second and third periods. The present observations confirm the pattern of changes in cardiovascular and renal functions previously observed by others in congestive heart failure and in the compensated state, and indicate that recovery of cardiac compensation is generally associated with the following changes: an increase in cardiac output, an increase in oxygen content of mixed venous blood, a decreased arteriovenous oxygen difference, a reduction in blood volume, a reduction in blood pressures in the vessels behind the previously failing ventricles, a fall in the residual pressures within these ventricles, an unchanged mean pressure but increased pulse pressure in the systemic arteries, a reduction in vascular resistance in the systemic and pulmonic vascular beds, an improvement in renal plasma (and blood) flow and glomerular filtration rate, and an increase in the excretion of water and electrolytes. These changes were qualitatively similar from patient to patient. Occasionally, however, no change, or a change in a different direction from the group effect, was encountered for some function in an individual subject. Quantitatively, the degree of change and the final value varied widely among the subjects for practically all functions measured.
Although this variation appears to exclude a definitive pattern in the quantitative aspects of the recovery process from cardiac decom-pensation, an analysis of the changes in individual functions reveals pertinent information concerning the failing and recovering circulations.
Cardiac Output, Blood Oxygen Content, Oxygen Consumption (table 2). With the recovery of compensation, cardiac output rose by 0.1 liter per minute (no change) to 3.6 liters per minute, representing increases of 3 to 155 per cent (average 46 per cent) above the values during congestive heart failure. The variability of the increases was striking. In one patient (F. W.) the cardiac output did not change, in another patient (W. G.) the increase was equivocal (0.3 liter per minute) and only in two patients (I. B. and R. D.) did cardiac output rise to values considered to be normal.
The changes in cardiac output probably do not indicate the degree of improvement in cardiovascular function. Viewed from the standpoint of the total utilization of oxygen and its transport by the blood stream, the circulation appeared to improve decidedly in all patients as compensation was attained. Thus, in five subjects the mixed venous oxygen saturation returned to normal values, while the arteriovenous oxygen difference became normal in three patients and just exceeded the normal limit of 6 volumes per cent in the other three (6.3, 6.5, 6.4 volumes per cent). In subject F. W., the discrepancy between the failure of cardiac output to increase upon recovery of compensation while the arteriovenous oxygen difference decreased, may be explained by an associated decrease in oxygen consumption, which had been elevated during congestive failure. Such an explanation appears untenable in patient W. G., in whom oxygen consumption remained the same as cardiac output rose equivocally and arteriovenous oxygen difference fell decisively.
A comparison in these six patients of the oxygen consumption during the two states of cardiac competence showed a higher consumption during congestive failure than in the compensated state in three patients, the same values on both occasions in two patients and lower values during failure in the remaining patient.
The present data substantiate the well docu-mented observation that cardiac output is a rather variable index of the adequacy of cardiovascular function, whereas the arteriovenous oxygen difference, relating output to demand, is a more stable and reliable index. Finally, a comparison of the cardiac indices during decompensation and compensation indicates that the level of cardiac output is not the determinant of congestive heart failure and that there are no specific levels of cardiac output at which congestive failure will necessarily occur or necessarily disappear. Blood Volume* (Table 2 ). Blood volume usually decreased as cardiac compensation returned and the decrease in total volume was shared by comparable decreases in plasma and red cell volumes. Plasma volume fell in all subjects by 0.5 to 1.3 liters, average 0.8 liters (-23 per cent). Concomitantly, plasma protein concentration increased, but inconsistently and without relation to the decrease in plasma volume. In five of the six subjects, total blood volume fell by 1 to 2 liters, average 1.75 liters (-26 per cent). In subject F. W., total blood volume did not change, even though his weight (edema) loss of 35 pounds was the largest for the group. Further evidence of a lack of relationship between decrease in blood volume and loss of edema is indicated by subject R. D. who lost but two pounds in weight yet sustained a sizable decrease of 1 liter (-20 per cent) in blood volume. In all subjects the blood volume in the compensated state was within normal values. (Table 3) . One of the most consistent changes upon recovery from congestive failure was the return to normal of the residual pressures on the right side of the circulation, that is, in and behind the right ventricle. Right ventricular end diastolic pressure, right atrial pressure and femoral venous pressure fell from elevated levels to normal in all but one of the instances where these measurements were made. In patient W. G., right ventricular end diastolic pressure and right atrial pressure fell as in the other five patients, but still remained elevated (11 to * The shortcomings of the T-1824 method of determination of blood volume and its partitions render conclusions based on this method tentative at best. 12 mm. Hg). Physical findings and right atrial pressure tracings suggest that this patient had tricuspid insufficiency.
Intracardiac Pressures
Pulmonary "capillary" (left atrial) pressure was not measured and hence changes in the residual pressures behind the left ventricle were not determined. Some index to the behavior of these pressures may be surmised from the changes in pulmonary artery pressures. Only in one (.J. P.) of the four patients in whom such measurements were made did pulmonary pressures fall to normal values. In the other three patients, pulmonary artery systolic, diastolic and mean pressures remained decidedly elevated in two (R. D., L. W.) and slightly elevated in the third (W. G.). Since these patients did not have pulmonary disease, which might have increased pulmonary vascular resistance, their increased pulmonary pressures may well have resulted from residual vascular engorgement behind the left ventricle. In this respect it may be significant that systemic hypertension was the etiologic factor responsible for the congestive failure in the two patients (R. D., L. W.) in whom the highest pulmonary pressures persisted after compensation returned. Furthermore, both patients had marked symptoms and signs attributable to pulmonary congestion during their congestive heart failure. Perhaps, because of the persistent load of the hypertension upon the left ventricle, its recovery was less complete than the recovery of the right ventricle and lead to some residual pulmonary engorgement in these patients even after the disappearance of signs of right ventricular failure.
Systemic Arterial Pressure and Vascular Resistance (Table 3 ). In the systemic arteries the principal pressure change associated with the recovery of compensation was an increase in pulse pressure, due largely to a consistent rise in systolic pressure and only slightly to a small and inconsistent fall in diastolic pressure. Mean arterial pressure remained relatively unchanged. Since total blood flow (cardiac output) was considerably greater in the compensated state than during congestive heart failure while the pressure head (mean arterial pressure) remained unchanged, it follows that the total resistance to blood flow in the systemic circuit decreased as compensation returned. This was observed in five subjects; in the sixth (F. W.), the total resistance increased slightly. A consideration of the resistance to blood flow indicates that the observed decrease in total resistance upon recompensation was not solely the result of the customary dilatation of a vasoconstricted arteriolar bed. Thus, systemic arteriolar vascular resistance decreased in only three of the six subjects, remained unchanged in two and apparently increased in one. Furthermore, in those instances where arteriolar resistance fell, its decrease was less than the decrease in total resistance. It follows, then, that during cardiac decompensation significantly increased resistance to blood flow may be offered by the circulatory system beyond the arterioles, probably by the failing right heart and secondarily thereto, by the increased pressure in the engorged systemic venous bed. In some patients this resistance appears to be considerable and contributes sizably to the total resistance to blood flow. In patient F. W., whose right atrial pressure during congestive heart failure was unusually high (31 mm. Hg), this cardiac and engorged venous resistance constituted one-third of the total resistance to blood flow and the arteriolar bed actually appeared to be dilated, as indicated by the increase in arteriolar resistance as compensation returned. On all occasions, however, arteriolar vascular resistance still constituted quantitatively the major resistance to systemic blood flow. In short, in congestive heart failure the increase in total resistance to systemic blood flow is only partly, and inconstantly, due to the usual mechanism of arteriolar vasoconstriction, the failing right heart and engorged venous tree consistently contribute to the increased total resistance and in some instances markedly so. (Table 4 ).
Renal Hemodyrnamic Functions
With recovery of cardiac compensation renal hemodynamics returned toward normal. Renal blood flow and glomerular filtration rate increased in all six subjects. The average increase in renal plasma flow (+82 per cent) and renal blood flow (+85 per cent) was considerably greater than the average increase in glomerular filtration rate (+37 per cent). However, these percentage figures merely reflect the repeated observation that in congestive heart failure renal blood flow is decreased disproportionately more than glomerular filtration, with the result that relatively small increments in blood flow represent large percentage increases. Such figures obscure the important fact that in no instance did renal blood flow approach normal values, whereas filtration rate became normal in three patients (F. W., J. P., I. B.) and nearly normal in a fourth (R. D.). In the other two patients glomerular filtration remained moderately depressed. Filtration fraction fell in all patients but still remained well above normal in each instance. In spite of the definite improvement, renal hemodyniamic functions in the compensated state still showed a residual abnormality similar to that during cardiac decompensation, namely, blood flow reduced disproportionately more than glomerular filtration, which at times was normal.
Total renal vasc.ular resistance was uniformly increased during congestive heart failure and decreased with the return of compensation in all patients except F. W., in whom there was no change. Calculations according to the method of G6mez5 indicate that during cardiac decompensation a considerable portion of the increase in resistance to renal blood flow is located in the renal venous segment. This is analogous to the partition of resistance to blood flow in the total systemic circulation.
Renal fraction (per cent of cardiac output perfusing the kidney) increased in four subjects and decreased in the other two. In only three subjects did the final value approximate the normal of 18 per cent; F. W. 19 per cent, J. P. 17 per cent and W. G. 16 per cent. Furthermore, the increase in renal blood flow was not directly related to the increase in the cardiac output. For example, in patient W. G. renal blood flow increased by 229 ml. per minute and renal fraction doubled, (8 to 16 per cent) whereas cardiac output increased by only 0.3 liter per minute, from 2.5 to 2.8 liters per minute. In contrast, in patient It. D. renal blood flow increased by only 131 ml. per minute and renal fraction fell (1 1.5 to 8.5 per (cent) while cardiac output increased by 2.6 liters per minute, from 2.9 to 5.5 liters per minute. (Table 4 ). The basal rate of electrolyte excretion consistently increased as cardiac compensation returned. In terms of average values, sodium excretion quadrupled, potassium excretion doubled and chloride excretion quintupled. Urine flow tripled. Only in three instances did the response in electrolyte excretions vary from the group response, twice sodium excretion and once potassium excretion remained unchanged. In no instance did electrolyte excretion decrease. Since the food, water and electrolyte intakes were not controlled or measured, the significance of these increased electrolyte excretions obviously cannot be assessed, particularly in relation to the changes in renal or cardiovascular dynamics. Nevertheless, it is of interest that the increases in electrolyte and water excretions were unrelated to the degree of improvement, or the final values attained, in either glomerular filtration rate, renal plasma flow or cardiac output.
Electrolyte and Water Excretion
Comparison of Compensated State with Response to Intravenous Digoxin (Table 5 ). There was considerable similarity between the cardiovascular dynamics at the peak of the intravenous Digoxin response and in the compensated state, whereas the renal effects showed additional improvement as full compensation returned. The various blood pressures and the arteriovenous oxygen differences were comparable on the two occasions. The cardiac outputs, however, wsere more variable and the two sets of determinations show differences from subject to subject, both in the extent of the changes and their direction. As expected, blood volume remained unchanged during the acute action of Digoxin and fell with subsequent compensation. Both renal plasma flow and glomerular filtration rate were consistently higher in the compensated state than during the Digoxin response and a similar, though less consistent, effect occurred in electrolyte and water excretion. Since renal function improved while cardiovascular dynamics remained unaltered, it is at least possible that the additional improvement in these renal functions may have been secondary to the improved cardiovascular status.
Patients with Cor Pulmonale and Congestive
Heart Failure As these two patients recovered cardiac compensation the changes in their cardiovascular and renal functions were similar to those observed in the patients with "lowoutput" type of congestive heart failure, with the following differences: (1) certain cardiovascular functions, notably cardiac output, arteriovenous oxygen difference and systemic vascular resistance, showed less marked improvement, perhaps because their original deviations from normal were not as marked;
(2) several important functions returned to normal, particularly cardiac output, arteriovenous oxygen difference, glomerular filtration rate, renal blood flow and renal fraction; (3) abnormal values persisted for determinations dependent on abnormal pulmonary function, namely, arterial oxygen unsaturation, elevated hematocrit and increased pulmonary artery pressures.
In both patients, cardiac output and arteriovenous oxygen difference were in the normal range during congestive heart failure. With recovery, the increase in cardiac output (average +16 per cent), the rise in mixed venous oxygen saturation (average + 18 per cent) and the fall in arteriovenous oxygen difference (average -16 per cent) imply that the "normal" values during congestive failure were in fact not normal for these subjects, for improvement occurred as compensation was attained (table 2) .
Arterial oxygen saturation did not change materially and remained at approximately 75 per cent. In spite of the persistence of the hypoxia blood volume decreased (table 2). In one patient the decrease of 2 liters was due entirely to loss of red cell volume; in the other patient the decrease of 3 liters was shared equally by plasma and red cells.
The changes in the various blood pressures (table 3) were qualitatively similar to those already described, except that pulmonary artery pressures and right ventricular systolic pressure remained elevated. In both subjects, mean right atrial pressure fell to normal, whereas right ventricular end diastolic pressure remained somewhat elevated (6 and 7 mm. Hg), perhaps an indication that complete recovery from right ventricular failure had not been attained.
The changes in renal and urinary functions (table 4) were similar, but apparently more marked than in the patients with "low-output" congestive failure. The final value for glomerular filtration rate, renal blood flow, renal fraction, renal vascular resistance and electrolyte excretions returned to normal levels. Filtration fraction fell but still remained above normal, apparently a function of the high hematocrit since renal plasma flow remained low, even though renal blood flow became normal.
General Considerations
Because of the variations in response among the patients studied it is not possible to derive a definitive pattern of quantitative relationships between the cardiovascular and renal functions in the recovery process from congestive heart failure. The extent of the variations may have depended, perhaps to a pertinent degree, upon differences in the initial abnormality for each function and these in turn upon differences in the stages of the heart disease of the individual subjects. Such differences may have obscured fundamental relationships between the changes in the various functions, particularly in this small group of subjects. The significance of the observations in these few patients appears to be that they define at least a minimal spread in the cardiovascular and renal changes associated with recovery of cardiac compensation. Moreover, the marked differences in the individual responses suggest that similar results might be anticipated in a larger series of patients. More pertinent, perhaps, any theory concerning the dynamics of recovery from congestive heart failure should account for the varied changes in cardiovascular and renal function here observed.
The present observations indicate that recovery of cardiac compensation from congestive heart failure is generally associated with an improvement toward normal in cardiovascular and renal function. The extent of the changes and the approximation of the normal varies considerably for the different functions from patient to patient and even in the same patient. Moreover, important functions do not return to normal and indeed may show no change whatever in individual patients. Several functions, which appear to depend on other more primary functions, consistently become normal. In this category belong blood volume, residual pressures in the large veins and right heart and the excretion of electrolytes and water. A similar return to normal need not, and often does not, occur in such more primary functions, as cardiac output, renal plasma and blood flow and filtration fraction, while arteriovenous oxygen difference and glomerular filtration rate may become normal in some patients and not in others. Finally, neither in the degree of improvement nor in the final values attained does a consistent relationship emerge between the changes in the functions here measured, particularly the more primary functions.
Recovery of cardiac compensation appears not to be contingent upon a given degree of improvement in any one or any combination of the primary cardiovascular-renal functions here measured, nor does compensation appear to require the attainment of normal values for these functions. The compensated state is not, therefore, a normal state from the standpoint of cardiovascular and renal functions. Though often improved, these functions tend to remain residually altered in the direction of the abnormal pattern present in congestive heart failure, at least in the compensated state of the first month after recovery from cardiac decompensation. Follow-up studies are required to determine whether further improvement and normal functions return as compensation, with adequate therapy, is maintained for long periods of time.
Finally, an extension of such long term, repeated studies of the changes in cardiovascular and renal dynamics in the same patients throughout the course of their heart disease are necessary to clarify the pathologic physiology of congestive heart failure. Such observations are at present lacking.
(;84 SUMMARY 1. Simultaneous determinations were made of several cardiovascular and renal functions in six patients with "low-output" heart failure and in two patients with cor pulmonale, during congestive heart failure and after compensation had been regained. Determinations were made of the following functions: cardiac output, oxygen content of arterial and mixed venous blood, peripheral and intracardiac blood pressures, blood volume, renal hemodynamics and electrolyte and water excretion.
2. With recovery of cardiac compensation these functions tended to improve toward normal but considerable variation was noted between subjects, both in the degree of change in the different functions and in their approach to normal values. The changes in the patients with cor pulmonale were similar to those in the patients with "low-output" failure, except for functions dependent on the pulmonary disease.
3. Several functions of a more secondary nature (blood volume, excretion of electrolytes and water, residual pressures in the large veins and right heart) returned to normal, whereas important more primary functions (cardiac output, arteriovenous oxygen difference, renal plasma flow, glomerular filtration rate) frequently did not become normal, although they generally improved. The final cardiovascular and renal functions often presented an abnormal pattern similar to, but not as marked as, that originally present during congestive heart failure. 4. No consistent relationship in degree of improvement nor in the final values attained was apparent between the functions measured, particularly in the more primary functions. 5. Recovery of satisfactory and seemingly equal degrees of cardiac compensation appeared not to be contingent upon the degree of improvement or the final value attained in any one or any combination of the more primary functions measured.
6. The considerable variations in response between subjects and functions may have been due to the different stages of heart disease at the time of the initial observations and these differences may have obscured fundamental interrelationships not apparent in the few patients studied.
